The skeleton is the most common metastatic site in patients with advanced cancer. Pain is a major healthcare problem in patients with bone metastases. Bone-seeking radionuclides that selectively accumulate in the bone are used to treat cancer-induced bone pain and to prolong survival in selected groups of cancer patients. The goals of these guidelines are to assist nuclear medicine practitioners in: (a) evaluating patients who might be candidates for radionuclide treatment of bone metastases using betaemitting radionuclides such as strontium-89 ( 
anniversary or sooner if indicated. The practice guidelines on each topic, that represent policy statements by the EANM, have undergone a thorough consensus process during which they have been extensively reviewed. The EANM recognizes that the safe and effective use of diagnostic nuclear medicine imaging requires specific training, skills, and techniques, as described in each document. The EANM has written and approved these guidelines to promote the use of nuclear medicine procedures of high quality.
These guidelines are intended to assist practitioners in providing appropriate nuclear medicine care for patients. They are not inflexible rules or requirements for practice and are not intended, nor should they be used, to establish a legal standard of care. The ultimate judgement regarding the propriety of any specific procedure or course of action must be made by medical professionals taking into account the unique circumstances of each case. Thus, there is no implication that an approach differing from the guidelines, standing alone, is below the standard of care. To the contrary, a conscientious practitioner may responsibly adopt a course of action different from that set out in the guidelines when, in the reasonable judgement of the practitioner, such a course of action is indicated by the condition of the patient, limitations of available resources, or advances in knowledge or technology subsequent to publication of the guidelines.
The practice of medicine involves not only the science but also the art of dealing with the prevention, diagnosis, alleviation and treatment of disease. The variety and complexity of human conditions make it impossible to always reach the most appropriate diagnosis or to predict with certainty a particular response to treatment. Therefore, it should be recognized that adherence to these guidelines will not ensure an accurate diagnosis or a successful outcome. All that should be expected is that the practitioner will follow a reasonable course of action based on current knowledge, available resources and the needs of the patient to deliver effective and safe medical care. The sole purpose of these guidelines is to assist practitioners in achieving this objective.
Introduction
Metastatic bone disease is a common and severe complication of several types of advanced disease. Breast, prostate and lung cancers are collectively responsible for about 80% of secondary metastatic bone disease [1] . Pain is a major healthcare problem in patients with bone metastases. It has been reported that up to 90% of patients with metastatic or advanced cancer will experience significant cancer-related pain [2] and the majority of them will experience bone pain [3] . The spine, pelvis and ribs are often the earliest site of metastases, but most bone metastases (more than 80%) are found in the axial skeleton [4] .
Treatment of cancer-induced bone pain normally progresses through the sequence: nonsteroidal analgesics to opioids often combined with radiotherapy, surgery, chemotherapy, hormone treatment, bisphosphonates and radionuclide therapy. Substantial advantages of bone radionuclide therapy include its ability to simultaneously treat multiple sites of disease, ease of administration, repeatability and potential integration with the other treatments. Not only has radionuclide therapy with alpha-emitting radionuclides (radium-223) been used to treat bone metastasis-related pain, but it has also recently been demonstrated to prolong patient survival [5] .
Goals
The goals of these guidelines are to assist nuclear medical practitioners in: 
Methodology
These guidelines are a revised version of the previously published EANM procedure guidelines on the treatment of painful bone metastases [7] . To ensure high-quality, independent data search, a third party (the German Agency for Quality in Medicine, Germany) searched Medline via PubMed (http:// ncbi.nlm.nih.gov.pubmed) and the Cochrane Library databases (http://onlinelibrary.wiley.com/cochtanelibrary/ search/) to systematically locate and obtain the articles relevant to clinically used bone-seeking radiopharmaceuticals (including alpha and beta emitters for both mentioned guidelines) in metastatic bone disease (samarium-153, strontium-89, phosphorus-32, rhenium-188, radium-223) published between 2004 and 2015. Radium-223 is included, although the detailed analysis is presented in separate guidelines [6] . Tables with predefined PICO questions were used  (Supplementary Table 1 ). The task force responsible for the guidelines also provided additional relevant articles and other materials. The following endpoints were evaluated: pain relief, the need for analgesics, adverse events, and survival. The task force members graded recommendations using criteria adopted from the US Preventive Service Task Force, from the Agency for Healthcare Research and Quality (Supplementary Table 2 ). The articles included in the analysis are summarized in Table 1 for strontium-89 [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and Ta b l e 2 f o r sa m a r i um -1 53 [1 8, 2 0 -2 9 ] , a n d i n Supplementary According to the WHO definition, this is an approach that improves the quality of life of patients and their families facing the problems associated with life-threatening illness (e.g. cancer).
Radionuclide therapy
In the context of these guidelines, this means the intravenous administration of bone-seeking radiopharmaceuticals labelled with a beta-emitting radionuclide such as strontium-89, samarium-153 or phosphorus-32 (the alpha-emitting radium-223 is addressed in detail in separate guidelines [6] ). Bone-seeking radiopharmaceuticals Radiopharmaceuticals whose efficacy relies on selective uptake and prolonged retention at sites of increased osteoblastic activity. The exact mechanism of action is not fully understood, but may involve a reduction in pain mediators (e.g. histamine, prostaglandin E, interleukin, leukotrienes or substance P) produced by the tumour and the inflammatory cells at the interface between the tumour and normal bone and radiationinduced mechanical factors, such as a reduction in periosteal swelling [31] . Osteoblastic metastases Focally increased skeletal metabolic activity, also termed sclerosis or sclerotic lesions, caused by an osseous reaction to bone metastases, as evidenced by increased uptake on bone scans.
Osteolytic bone lesions
Focal areas of bone destruction caused by the action of osteoclasts. A mixed pattern, however, is common in many lesions [32] .
Bone-seeking radiopharmaceuticals may also be used for the treatment of primary and metastatic bone tumours, such as osteosarcoma, based on their ability to induce an osteoblastic reaction. However, this indication is not yet approved.
There are three beta-emitting radionuclides used in the treatment of painful bone metastases:
1. Strontium-89: Emits a beta minus particle with a maxi- 
Common clinical indications
Indications for radionuclide bone therapy with beta-emitting radionuclides include, but are not limited to, the following:
1. Painful metastatic bone lesions with osteoblastic response, as confirmed by areas of intense uptake on radionuclide bone scans. 2. Primary painful bone tumours with an osteoblastic response, as confirmed by areas of intense uptake on radionuclide bone scans. However, this indication is not yet approved.
The alpha-emitter radium-223 is indicated for the radionuclide treatment of CRPC in patients with symptomatic bone metastases and no known visceral metastatic disease. Radium- 223 is the first targeted alpha therapy for this indication and provides a new treatment option. There is evidence of a significant benefit in terms of both overall survival and the time to the first symptomatic skeleton-related event. This indication is addressed in detail in separate guidelines for radium-223 [6] .
Contraindications
Absolute Pregnancy and breastfeeding are absolute contraindications.
Compromised bone marrow function
In general, there is an increased risk of haematological adverse reactions such as neutropenia and thrombocytopenia in patients with evidence of compromised bone marrow reserve, e.g. following prior cytotoxic chemotherapy and/or radiation treatment (such as external beam radiation therapy, EBRT) or in patients with advanced diffuse metastatic infiltration of the bone. These patients should be treated only after careful clinical risk-benefit assessment. Close monitoring is necessary. Usually a superscan appearance on the bone scan corresponds to a major site of bone marrow involvement, and is a contraindication because of possible side effects. Moreover, therapy with bone-seeking radiopharmaceuticals cannot be recommended in this situation, since valid data on overall efficacy are not available.
A relatively low blood cell count, within certain limits, may be a relative contraindication to radionuclide bone treatment because of possible myelotoxicity. Nevertheless, the precise lower limit is not well defined in the literature and the use of granulocyte colony-stimulating factors may further lower the limit. Routinely, the following values can be considered [20, 34, 36, 37] .
& Recommendation 1. Recommendation grade C: The following cell count limits should be applied to radionuclide treatment (except for radium-223):
Since disseminated intravascular coagulation (DIC) may be a risk factor for severe thrombocytopenia after treatment, pretreatment clotting studies to identify patients with subclinical DIC should be performed [38] .
& Recommendation 2. Recommendation grade A:
The presence of bone marrow involvement does not represent 
Life expectancy
Considering the latency in the onset of the palliative effect (from a few days to 4 weeks), radionuclide therapy is more beneficial in patients with a relatively long life expectancy and in earlier stages of metastatic bone disease [37] .
& Recommendation 5. Recommendation grade C:
Palliative therapy with strontium-89, samarium-153 or phosphorus-32 is inappropriate in patients with a life expectancy of less than 4 weeks. Life expectancy should preferably be greater than 3 months.
Efficacy of radionuclide treatment

Pain control
There is clinical evidence to support a beneficial effect of radionuclide therapy in patients with osteoblastic or mixed pattern (osteoblastic/osteoclastic) metastases. Review of the data published in clinical trials suggests that any pain relief can be achieved in about 50-90% of patients, including complete relief in about 12-33% (Tables 1 and 2, and  Supplementary Table 3) . A systematic review and meta-analysis included 57 studies: 9 randomized clinical trials, 13 clinical trials, and 35 observational studies [39] . Most of the studies evaluated prostate cancer patients with bone metastases. The meta-analysis provided evidence that pain relief is achieved after a single radionuclide therapy in about 70% of patients (95% CI 65-75%, p < 0.000), 70% (95% CI 63-77%, p < 0.000) for strontium-89 and 70% (95% CI 63-96%, p < 0.000) for samarium-153. Combination with other therapies is slightly more effective: pain relief was achieved in 74% (95% CI 59-88%, p < 0.000). Pain relief in patients with prostate cancer was 70% (95% CI 62-76%, p < 0.000) and in patients with breast cancer was 79% (95% CI 72-84%, p < 0.000).
These results were basically confirmed by two other meta-analyses [40, 41] . A comprehensive analysis by Finlay et al. of the efficacy of different radiopharmaceuticals including prospective studies with strontium-89 (16 studies), samarium-153 (number not mentioned) and rhenium-188 (4 studies), showed complete symptomatic responses in 32% of patients (range 8-77%) and partial responses in 44% of patients. No pain palliation was used in 25% (range 14-52%). Analgesic use (poorly reported) was reduced in 71-81%. Analgesic effects were initially observed 4-28 days after therapy and the duration of response was up to 15 months [37] .
A systematic review of pain relief in patients with metastatic breast cancer [42] included three randomized clinical trials, of which two compared two different radionuclides, and one compared two different levels of samarium-153 activity [43] [44] [45] . In addition, there were 16 uncontrolled trials (see Christensen and Petersen [42] for references). According to the Centre of Evidence-based Medicine criteria, there is level 4 evidence for the efficacy of radionuclides in bone metastasis pain palliation in patients with breast cancer. Although the majority of studies showed positive bone pain palliation effects and improvements in performance status, the conclusion was critical in terms of supporting the clinical effect of radionuclides in relieving pain from bone metastasis in patients with breast cancer.
& Recommendation 6. Recommendation grade A:
Radionuclide therapy can be recommended as a palliative treatment in patients with painful bone metastases with osteoblastic or mixed pattern (osteoblastic/osteoclastic) features.
Quality of life
A few studies have shown improved quality of life after radionuclide treatment for painful bone metastases [15, 46, 47] .
& Recommendation 7. Recommendation grade B:
Radionuclide treatment can be recommended to improve the quality of life in patients with osteoblastic or mixed pattern (osteoblastic/osteoclastic) bone metastases.
Survival
There are no studies that have investigated survival benefits after radionuclide therapy with beta-emitting radionuclides such as strontium-89, samarium-153 or phosphorus-32. However, a phase II study in prostate cancer showed a survival benefit if chemotherapy (doxorubicin) was added to strontium-89 (27.7 vs. 16.8 months) [48] . On the other hand, recent studies with radium-223 have shown improved overall survival in patients with metastatic CRPC and bone metastases without visceral dissemination [5, 49] . Although this topic is addressed in detail in the separate guidelines on radium-223 [6] , given that there is increased survival benefit we have also included this recommendation here.
& Recommendation 8. Recommendation grade A:
Radionuclide treatment can be recommended to prolong survival only with the alpha-emitting radium-223 in prostate cancer patients with osteoblastic or mixed pattern (osteoblastic/osteoclastic) bone metastases without visceral dissemination (for reference see the EANM guidelines for radionuclide therapy with radium-223 of metastatic CRPC [6] ). There is no evidence that other therapeutic radionuclides improve overall survival.
Efficacy of other bone metastasis treatments and their combination with radionuclide therapy
External beam radiotherapy
A systematic overview of radiation therapy performed by the Swedish Council of Technology Assessment in Health Care (SBU in its Swedish abbreviation) provided strong evidence that radiotherapy of skeletal metastases provides an overall response (complete and partial pain relief) in more than 80% of patients. Furthermore, this study showed that the duration of pain relief in at least 50% of patients persists for ≥6 months. External hemi-body radiation performed in patients with numerous painful bone metastases can result in severe bone marrow suppression. Therefore, to reduce the probability of synergistic myelotoxic effects between external hemi-body radiation and radionuclide administration, each patient should be carefully evaluated.
EBRT is the treatment of choice if the bone scan is negative. In patients with impending pathological fracture, teleradiotherapy (and/or surgical intervention) is required [50] . Since the evidence in published reports is contradictory [46, 51] , a combination of EBRT and radionuclide therapy should be used only in selected patients (e.g. those with predominant and severe pain in one of multiple painful metastatic foci).
& Recommendation 9. Recommendation grade C:
Concomitant or sequential radionuclide and EBRT can be used In selected patients for the treatment of painful osteoblastic or mixed pattern (osteoblastic/osteoclastic) bone metastases.
Bisphosphonate treatment
Bisphosphonates decrease bone resorption and increase mineralization by specifically inhibiting osteoclastic activity. Multiple, randomized, controlled trials have clearly demonstrated that they are effective in reducing skeletal morbidity and pain from metastatic cancer [52, 53] . There are conflicting data as to whether bisphosphonates inhibit the uptake of radiolabelled phosphonates in bone metastases. Recent studies have shown no evidence of competition between bisphosphonates and samarium-153 or strontium-89 [54] [55] [56] [57] . Therefore, they may be used concomitantly or sequentially.
& Recommendation 10. Recommendation grade B: There are no contraindications for concomitant or sequential use of radionuclide therapy and bisphosphonates for the treatment of patients with painful osteoblastic or mixed pattern (osteoblastic/osteoclastic) bone metastases.
Interactions with calcium, phosphate and vitamin D cannot be excluded due to physiological relationships.
Chemotherapy
Several studies have shown the effectiveness of chemotherapy in patients with hormone-refractory prostate cancer in terms of pain palliation. For example, chemotherapy with docetaxel every 3 weeks plus prednisone leads to better survival and also improved response rates in terms of pain, serum prostate-specific albumin levels, and quality of life [58] . In a phase III trial, Basch et al. found that abiraterone acetate plus prednisone delays patient-reported pain progression in chemotherapy-naive patients with metastatic CRPC [59] .
There are no data supporting the view that concomitant or sequential use of radionuclide and chemotherapy increases palliative efficacy. However, because of potentially severe leucopenia or thrombocytopenia, patients should not have received long-acting myelosuppressive chemotherapy (e.g. nitrosoureas) for 6-8 weeks and other forms of myelosuppressive treatment or systemic radioisotope therapy for approximately 4 weeks prior to the administration of strontium-89, samarium-153 or phosphorus-32. After strontium-89, samarium-153 or phosphorus-32 administration, therapeutic administration of myelosuppressive systemic treatments s h o u l d b e w i t h h e l d f o r a b o u t 1 2 w e e k s .
Nonmyelosuppressive medical therapies (including hormone therapy in breast/prostate cancer) should not be interrupted before strontium-89, samarium-153 or phosphorus-32 administration.
Due to the limited data available with respect to the combination of bone-seeking radiopharmaceuticals and kinase inhibitors, this application is only recommended with reservations.
& Recommendation 11. Recommendation grade D:
Concomitant radionuclide therapy and chemotherapy should be used carefully because of possible haematological side effects. Current evidence on the bone palliation efficacy of the concomitant use of radionuclide therapy and chemotherapy is inconclusive.
Qualifications and responsibilities of personnel
Radionuclide bone treatment in patients with metastatic bone disease must be performed by a multidisciplinary team that should include a nuclear medicine physician, a medical oncologist, a radiation oncologist, and, as necessary, a medical physicist experienced in nuclear medicine procedures. The mandatory procedures to be undertaken prior to strontium-89, samarium-153 or phosphorus-32 administration are summarized in Table 3 . Bone-seeking radiopharmaceuticals labelled with betaemitting radionuclides (strontium-89, samarium-153, phosphorus-32) should be administered only by an appropriately trained and certified nuclear medicine physician in a facility licensed to use these radioactive materials. The licence should be compatible with national legislation. If in-patient treatment is required by national legislation, this should take place in an approved facility with appropriately shielded rooms and ensuite bathroom facilities. The facility in which treatment is administered must have appropriately trained personnel, radiation safety equipment, and clearly defined procedures for waste handling and disposal, handling of contamination, monitoring of personnel for accidental contamination and controlling contamination spread [36] .
Examination procedure/specifications
Request The patient medical history should be obtained with special emphasis on severity, localization and duration of bone pain and its response to other treatment modalities. Prior to the administration of strontium-89, samarium-153 or phosphorus-32, the patient should have had a recent bone scan (within the previous 8 weeks) documenting increased osteoblastic activity at the painful sites. Radiographs demonstrating osteosclerotic lesions are not adequate, as increased bone density does not always result in increased uptake on radionuclide imaging. Abnormalities on the bone scan must be correlated with an appropriate physical examination to exclude other causes of chronic pain, which would be unlikely to respond to treatment using bone-seeking radiopharmaceuticals. Neurogenic pain and pathological fractures should be specifically excluded. Bone scintigraphic abnormalities should also be correlated with the physical examination and other imaging studies to ascertain that osseous or soft-tissue abnormalities, which might cause cord or nerve compression or pathological fractures, are not present. The only indication for the use of strontium-89, samarium-153 or phosphorus-32 in these circumstances would be in conjunction with local treatment, either radiation therapy or surgical intervention, if there are other sites of painful bone metastases.
A full haematological and biochemical profile should be obtained during the 7 days before the proposed treatment. Recommended reference for haematological and biochemical levels are listed in recommendations 1to 4. 
Patient preparation and precautions
In the absence of contraindications for strontium-89, samarium-153 or phosphorus-32 radionuclide therapy, there is no special patient preparation required prior to treatment. Patients should receive information pertaining to the procedure prior to receiving the therapy. Written informed consent must be obtained from the patient, if required by local legislation. It should be explained to the patient that phosphorus-32, strontium-89 or samarium-153 are radionuclide treatments specifically designed for treating bone pain. Patients should be informed that 50-90% of patients benefit from phosphorus-32, strontium-89 or samarium-153 therapy. Patients should also be warned about the risk of a temporary increase in bone pain (pain flare) and that pain reduction is unlikely to occur within the first week after the treatment, is more likely to occur in the second week and could occur as late as 4 weeks or longer after injection, particularly for long-lived radionuclides. Patients should continue to take prescribed analgesics until bone pain decreases and receive advice regarding subsequent analgesic dose reduction where appropriate. Patients should also be informed about the duration of the analgesic effect, which is generally of 2-6 months, and that retreatment is possible.
Radiopharmaceutical administration
Strontium-89, samarium-153 and phosphorus-32 are supplied in a solution to be used at room temperature. They should be administered by slow infusion via an indwelling intravenous butterfly or cannula followed by a 0.9% saline flush. Care should be taken to avoid extravasation of the radiopharmaceutical, and catheter patency should always be checked before infusion. If extravasation is noticed, infusion should be stopped and as much radiopharmaceutical as possible should be withdrawn. There are very limited data regarding the procedure, but cooling the site of extravasation can prevent radionuclide spread. In case of circulatory or nerve impairment, surgery may be indicated [60] . The radiopharmaceutical should be injected by a certified nurse under the responsibility of a certified nuclear medicine physician according to national laws which may differ slightly among countries. According to EU Directive 2013/59 (art. 56.4 and art. 60.1), activities should be individually measured using a properly calibrated activity meter before administration. Recommended administered activities are as follows:
Strontium-89 ( Although no clear differences in treatment response among phosphorus-32, strontium-89 and samarium-153 have been reported, there are differences in the onset and duration of the responses. Patients with progressive disease and pain, in whom rapid relief is warranted, are best treated with short-lived isotopes. Relief will be quick and toxicity acceptable [60] . Patients with pain relief after radionuclide treatment, in whom pain recurs, can be re-treated unless there are contraindications for the therapy (see section Contraindications). Patients with a somewhat better prognosis and better clinical condition may be treated with long-lived radionuclides. The duration of response will be longer. However, the possibility of increased myelosuppressive toxicity must be born in mind.
Side effects and radiation safety
Side effects
The Bflare^phenomenon involves an increase in pain symptoms. It usually occurs within 72 h of initiating treatment and is seen in about 10% of patients. In the majority of patients it is mild and self-limiting and usually responds to standard analgesics. Generally, a flare phenomenon is associated with a good clinical response [33, 37, 45, 59] . The presence of cervicodorsal spinal metastases may be associated with increased risk of spinal cord compression. Prophylactic corticosteroids may be considered, and spinal MRI and/or a neurological consultation is recommended before treatment.
Decreases in thrombocyte and leucocyte counts in the peripheral blood as a result of myelosuppression are frequently observed and have a nadir at 3-5 weeks (samarium-153) or 12-16 weeks (strontium-89 and phosphorus-32). The occurrence of grade 3 or 4 toxicity is dependent on previous (myelosuppressive) therapy and bone marrow reserve. Haematological toxicity is usually temporary, with complete or partial recovery within 3 months. Periodical haematological monitoring may be useful for up to 6 weeks after treatment (samarium-153) to exclude significant myelosuppression in high-risk patients. After treatment with strontium-89 and phosphorus-32, longer follow-up is necessary because of prolonged myelosuppressive toxicity (12-16 weeks) [35] .
A flushing sensation similar to that seen with calcium infusion has been reported to occur with strontium-89 infusion, but can avoided if the compound is infused slowly, as recommended [61] .
Radiation safety
The treating physician must advise the patient on measures to reduce unnecessary radiation exposure to family members and the public. Following treatment, patients must avoid pregnancy for at least 6 months after treatment with phosphorus-32, strontium-89 or samarium-153. Patients should be appropriately hydrated before and after treatment. If the treatment is performed on an outpatient basis, patients should remain in the nuclear medicine facility for 4-6 h after administration to assess any early side effects. Urinary radiopharmaceutical excretion is of particular concern during the first 2 or 3 days. For samarium-153, it is nearly complete during the first 8-12 h after administration. Patients should be advised to observe rigorous hygiene to avoid contaminating groups at risk using the same toilet facility. Patients should be warned to avoid soiling underclothing or areas around the toilet bowl for 1 week after injection (2 or 3 days are enough for samarium-153), and that significantly soiled clothing should be washed separately. A double toilet flush is recommended after urination. Patients should wash their hands after urination. If contaminated with urine, patients should wash their hands abundantly with cold water and soap without scrubbing [37] .
Incontinent patients should be catheterized before radiopharmaceutical administration for the radioprotection of relatives and/or carers. The catheter should remain in place for an appropriate period (4 days for strontium-89; 24 h for samarium-153). Catheter bags should be emptied frequently. Those caring for catheterized patients should wear gloves. If inpatient treatment is required, nursing personnel must be instructed in radiation safety. Any significant medical conditions should be noted and contingency plans must be in place to cover the eventuality that radiation precautions have to be breached because of a medical emergency. Concern about radiation exposure should not interfere with prompt appropriate medical treatment of the patient. The dosimetry of strontium-89 is presented in Table 4 .
Samarium-153: samarium ( 
Sm-EDTMP)
Labelling: The radiopharmaceutical is supplied frozen in aqueous solution.
The dosimetry of strontium-89 [63] is presented in Table 5 .
Phosphorus-32
The dosimetry of phosphorus-32 is presented in Table 6 .
Radium-223
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